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The resonance Zb(10610) is investigated as the diquark-antidiquark Zb = [bu][bd] state with spin-
parity JP = 1+. The mass and current coupling of the resonance Zb(10610) are evaluated using
QCD two-point sum rule and taking into account the vacuum condensates up to ten dimensions.
We study the vertices ZbΥ(nS)pi (n = 1, 2, 3) by applying the QCD light-cone sum rule to compute
the corresponding strong couplings gZbΥ(nS)pi and widths of the decays Zb → Υ(nS)pi. We explore
also the vertices Zbhb(mP )pi (m = 1, 2) and calculate the couplings gZbhb(mP )pi and width of the
decay channels Zb → hb(mP )pi. To this end, we calculate the mass and decay constants of the
hb(1P ) and hb(2P ) mesons. The results obtained are compared with experimental data of the Belle
Collaboration.
I. INTRODUCTION
Discovery of the charged resonances which cannot be
explained as c¯c or b¯b states has opened a new page
in physics of exotic multi-quark systems. The first
tetraquarks of this family are Z±(4430) states which were
observed by the Belle Collaboration in B meson decays
B → Kψ′π± as resonances in the ψ′π± invariant mass
distributions [1]. The mass and width of these states
were repeatedly measured and refined. Recently, the
LHCb Collaboration confirmed existence of the Z−(4430)
structure in the decay B0 → K+ψ′π− and unambigu-
ously determined that its spin-parity is JP = 1+ [2, 3].
They also measured the mass and width of Z−(4430)
resonance and updated the existing experimental data.
Two charmonium-like resonances Z1(4050) and Z2(4250)
were discovered by the Belle Collaboration in the decay
B¯0 → K−π+χc1 which emerged as broad peaks in the
χc1π invariant mass distribution [4].
Famous members of the charged tetraquark family
Z±c (3900) were observed by the BESIII Collaboration
in the process e+e− → J/ψπ+π− as resonances with
JP = 1+ in the J/ψπ± mass distribution [5]. The
charged state Zc(4020) was also found by the BESIII
Collaboration in two different processes e+e− → hcπ+π−
and e+e− → (D⋆D¯⋆)±π∓ (see, Refs. [6, 7]).
There is another charged state, namely Zc(4200) res-
onance which was detected and announced by Belle [8].
All aforementioned resonances belong to the class of the
charmonium-like tetraquarks, and contain a c¯c pair and
light quarks (antiquarks). They were mainly interpreted
as diquark-antidiquark systems or bound states of D
and/or D⋆ mesons.
It is remarkable, that b-counterparts of the
charmonium-like states, i.e. charged resonances com-
posed of a b¯b pair and light quarks were found, as well.
Thus, the Belle Collaboration discovered the resonances
Zb(10610) and Zb(10650) (hereafter, Zb and Z
′
b, respec-
tively) in the decays Υ(5S) → Υ(nS)π+π−, n = 1, 2, 3
and Υ(5S) → hb(mP )π+π−, m = 1, 2 [9, 10]. These
two states with favored spin-parity JP = 1+ appear
as resonances in the Υ(nS)π± and hb(mP )π
± mass
distributions. The masses of the Zb and Z
′
b resonances
are
m = (10607.2± 2.0) MeV,
m′ = (10652.2± 1.5) MeV, (1)
respectively. The width of the Zb state averaged over
five decay channels equals to Γ = (18.4 ± 2.4) MeV,
whereas the average width of Z ′b is Γ
′ = (11.5±2.2) MeV.
Recently, the dominant decay channel of Zb , namely
Zb → B+B¯⋆0 + B¯0B⋆+ process was also observed [11].
In this work fractions of different channels of Zb and Z
′
b
resonances were reported, as well. Further information
on experimental status of the Zb and Z
′
b states and other
heavy exotic mesons and baryons can be found in Ref.
[12].
An existence of hidden-bottom states, i.e. of the Zb
resonances were foreseen before their experimental ob-
servation. Thus, in Ref. [13] authors suggested to look
for the diquark-antidiquarks with bb¯ud¯ content as peaks
in the invariant mass of Υ(1S)π and Υ(2S)π systems.
The existence of the molecular state B⋆B¯ was predicted
in Ref. [14].
After discovery of the Zb resonances theoretical studies
of the charged hidden-bottom states became more inten-
sive and fruitful. In fact, works devoted to the struc-
tures and decay channels of the Zb states encompass all
existing models and computational schemes suitable to
study the multi-quark systems. Thus, in Refs. [15, 16]
the spectroscopic and decay properties of Zb and Z
′
b were
explored using the heavy quark symmetry by modeling
them as J = 1 S-wave molecular states B⋆B¯ −BB¯⋆ and
B⋆B¯⋆, respectively. The existence of similar states with
quantum numbers 0+, 1+, 2+ were predicted, as well.
The diquark-antidiquark interpretation of the Zb states
were proposed in Refs. [17, 18]. It was demonstrated
that Belle results on the decays Υ(5S) → Υ(nS)π+π−
and Υ(5S) → hb(mP )π+π− support Zb resonances as
diquark-antidiquark states. This analysis is based on
2a scheme for the spin-spin quark interactions inside di-
quarks originally suggested and successfully used to ex-
plore hidden-charm resonances [19].
The Zb resonance was considered in Ref. [20] as a B
⋆B¯
molecular state, where its mass was computed in the con-
text of QCD sum rule method. The prediction for the
mass mB⋆B¯ = 10.54± 0.22 GeV obtained there, allowed
authors to conclude that Zb could be a B
⋆B¯ molecu-
lar state. The similar conclusions were also made in the
framework of the chiral quark model. Indeed, in Ref.
[21] the BB¯⋆ and B⋆B¯⋆ bound states with JPC = 1+−
were studied in the chiral quark model, and found as
good candidates for Zb and Z
′
b resonances. Moreover,
existence of molecular states BB¯⋆ with JPC = 1++, and
B⋆B¯⋆ with JPC = 0++, 2++ were predicted. Explo-
rations performed using the one boson-exchange model
also led to the molecular interpretations of the Zb and
Z ′b resonances [22]. However, analysis carried out in the
framework of the Bete-Salpeter approach demonstrated
that two heavy mesons can form an isospin singlet bound
state but cannot form an isotriplet compound. Hence,
the Zb resonance presumably is a diquark-antidiquark,
but not a molecular state [23].
The both diquark-antidiquark and molecular pictures
for internal organization of Zb and Z
′
b within QCD sum
rules method were examined in Ref. [24]. In this work the
authors constructed different interpolating currents with
IGJP = 1+1+ to explore the Zb and Z
′
b states and eval-
uate their masses. Among alternative interpretations of
the Zb states it is worth noting Refs. [25] and [26], where
the peaks observed by the Belle Collaboration were ex-
plained as cusp and coupling channel effects, respectively.
Theoretical works that address problems of the Zb
states are numerous (see, Refs. [27–36]). Analysis of
these and other investigations can be found in the recent
review papers [37, 38].
As is seen, theoretical status of the resonances Zb and
Z ′b remains controversial and deserves further and de-
tailed explorations. In the present work we are going to
calculate the spectroscopic parameters of Zb = [bu][bd]
state by assuming that it is a tetraquark state with
diquark-antidiquark structure and positive charge. We
use QCD two-point sum rules to evaluate its mass and
current coupling by taking into account vacuum conden-
sates up to ten dimensions. We also investigate five ob-
served decay channels of Zb resonance employing QCD
sum rules on the light-cone. As a byproduct, we de-
rive the mass and decay constant of hb(mP ), m = 1, 2
mesons.
This work has the following structure: In Sec. II
we calculate the mass and current coupling of the Zb
resonance. In Sec. III we analyze the decay channels
Zb → Υ(nS)π, n = 1, 2, 3 and calculate their widths.
Section IV is devoted to investigation of the decay modes
Zb → hb(mP )π, m = 1, 2 and consists of two subsec-
tions. In the first subsection we calculate the mass and
decay constant of the hb(1P ) and hb(2P ) mesons. To this
end, we employ the two-point sum rule approach by in-
cluding into analysis condensates up to eight dimensions.
In the next subsection using parameters of the hb(mP )
mesons we evaluate width of decays under investigation.
The last section is reserved for analysis of the obtained
results and discussion of possible interpretations of Zb
resonance.
II. MASS AND CURRENT COUPLING OF THE
Zb STATE: QCD TWO-POINT SUM RULE
PREDICTIONS
In this section we derive QCD sum rules to calculate
the mass and current coupling of the Zb state by sug-
gesting that it has a diquark-antidiquark structure with
quantum numbers IGJP = 1+1+. To this end, we begin
from the two-point correlation function
Πµν(p) = i
∫
d4xeipx〈0|T {JZbµ (x)JZb†ν (0)}|0〉, (2)
where JZbµ (x) is the interpolating current for the Zb state
with required quark content and quantum numbers.
It is possible to construct various currents to inter-
polate the Zb and Z
′
b resonances. One of them is
[ub]S=0[db]S=1− [ub]S=1[db]S=0 type diquark-antidiquark
current that is used to consider Zb state
JZbµ (x) =
iǫǫ˜√
2
{[
uTa (x)Cγ5bb(x)
] [
dd(x)γµCb
T
e (x)
]
− [uTa (x)Cγµbb(x)] [dd(x)γ5CbTe (x)]} . (3)
The current for Z ′b can be defined in the form
J
Z′
b
µ (x) =
ǫǫ˜√
2
εµναβ
[
uTa (x)Cγ
νbb(x)
]
×Dα
[
dd(x)γ
βCb
T
e (x)
]
, (4)
where Dα = ∂α − igsAα(x) [24]. In Eqs. (3) and (4) we
have introduced the notations ǫ = ǫabc and ǫ˜ = ǫdec. In
above expressions a, b, c, d and e are color indices, and C
is the charge conjugation matrix.
By choosing different currents to interpolate the Zb
and Z ′b resonances one treats both of them as ground-
state particles in corresponding sum rules. We also follow
this approach and use the current JZbµ (x) to calculate the
mass and current coupling of the Zb state. To find the
QCD sum rules we first have to calculate the correlation
function in terms of the physical degrees of freedom. To
this end, we saturate Πµν(p) with a complete set of states
with quantum numbers of Zb resonance and perform in
Eq. (2) integration over x to get
ΠPhysµν (p) =
〈0|JZbµ |Zb(p)〉〈Zb(p)|JZb†ν |0〉
m2Zb − p2
+ ...,
where mZb is the mass of the Zb state, and dots indicate
contributions of higher resonances and continuum states.
3We define the current coupling fZb through the matrix
element
〈0|JZbµ |Zb(p)〉 = fZbmZbεµ, (5)
with εµ being the polarization vector of Zb state. Then
in terms of mZb and fZb , the correlation function can be
written in the following form
ΠPhysµν (p) =
m2Zbf
2
Zb
m2Zb − p2
(
−gµν + pµpν
m2Zb
)
+ . . . (6)
The Borel transformation applied to Eq. (6) gives
BΠPhysµν (p) = m2Zbf2Zbe−m
2
Z
b
/M2
(
−gµν + pµpν
m2Zb
)
+ . . .
(7)
At the next stage we derive the theoretical expres-
sion for the correlation function ΠQCDµν (p) in terms of the
quark-gluon degrees of freedom. It can be determined
using the interpolating current JZbµ and quark propaga-
tors. After contracting in Eq. (2) the b-quark and light
quark fields we get
ΠQCDµν (p) = −
i
2
∫
d4xeipxǫǫ˜ǫ′ǫ˜′
{
Tr
[
γ5S˜
aa′
u (x)
×γ5Sbb
′
b (x)
]
Tr
[
γµS˜
e′e
b (−x)γνSd
′d
d (−x)
]
−Tr
[
γµS˜
e′e
b (−x)γ5Sd
′d
d (−x)
]
Tr
[
γν S˜
aa′
u (x)
× γ5Sbb
′
b (x)
]
− Tr
[
γ5S˜
a′a
u (x)γµS
b′b
b (x)
]
×Tr
[
γ5S˜
e′e
b (−x)γνSd
′d
d (−x)
]
+Tr
[
γν S˜
aa′
u (x)
× γµSbb
′
b (x)
]
Tr
[
γ5S˜
e′e
b (−x)γ5Sd
′d
d (−x)
]}
, (8)
where
S˜ijb(q)(x) = CS
ijT
b(q)(x)C.
In expressions above Sabq (x) and S
ab
b (x) are the light u, d
and heavy b-quark propagators, respectively. We choose
the light quark propagator Sabq (x) in the form
Sabq (x) = iδab
/x
2π2x4
− δab mq
4π2x2
− δab 〈qq〉
12
+iδab
/xmq〈qq〉
48
− δab x
2
192
〈qgsσGq〉 + iδabx
2/xmq
1152
〈qgsσGq〉
−i gsG
αβ
ab
32π2x2
[/xσαβ + σαβ/x]− iδabx
2/xg2s 〈qq〉2
7776
−δabx
4〈qq〉〈g2sG2〉
27648
+ . . . (9)
For the b-quark propagator Sabb (x) we employ the expres-
sion
Sabb (x) = i
∫
d4k
(2π)4
e−ikx
{
δab (/k +mb)
k2 −m2b
−gsG
αβ
ab
4
σαβ (/k +mb) + (/k +mb)σαβ
(k2 −m2b)2
+
g2sG
2
12
δabmb
k2 +mb/k
(k2 −m2b)4
+
g3sG
3
48
δab
(/k +mb)
(k2 −m2b)6
× [/k (k2 − 3m2b)+ 2mb (2k2 −m2b)] (/k +mb) + . . .
}
.
(10)
In Eqs. (9) and (10) we use the notations
Gαβab = G
αβ
A t
A
ab, G
2 = GAαβG
A
αβ ,
G3 = fABCGAµνG
B
νδG
C
δµ, (11)
where A,B,C = 1, 2 . . . 8. In Eq. (11) tA = λA/2, λA
are the Gell-Mann matrices, and the gluon field strength
tensor GAαβ ≡ GAαβ(0) is fixed at x = 0.
The QCD sum rule can be obtained by choosing
the same Lorentz structures in both of ΠPhysµν (p) and
ΠQCDµν (p). We work with terms ∼ gµν , which do not con-
tain effects of spin-0 particles. The invariant amplitude
ΠQCD(p2) corresponding to this structure can be written
down as the dispersion integral
ΠQCD(p2) =
∫ ∞
4m2
b
ρQCD(s)
s− p2 ds+ ..., (12)
where ρQCD(s) is the corresponding spectral density. It
is a key ingredient of sum rules for m2Zb and f
2
Zb
, and can
be obtained using the imaginary part of the invariant am-
plitude ΠQCD(p2). Methods of such calculations are well
known and presented numerously in existing literature.
Therefore, we omit further details emphasizing only that
ρQCD(s) in the present work is calculated by including
into analysis quark, gluon and mixed condensates up to
ten dimensions.
After applying the Borel transformation on the vari-
able p2 to ΠQCD(p2), equating the obtained expression
to BΠPhys(p), and subtracting the continuum contribu-
tion, we obtain the required sum rules. Thus, the mass
of the Zb state can be evaluated from the sum rule
m2Zb =
∫ s0
4m2
b
dssρQCD(s)e−s/M
2∫ s0
4m2
b
dsρQCD(s)e−s/M2
, (13)
whereas for the current coupling fZb we employ the for-
mula
f2Zb =
1
m2Zb
∫ s0
4m2
b
dsρQCD(s)e(m
2
Z
b
−s)/M2 . (14)
The sum rules for mZb and fZb depend on different vac-
uum condensates stemming from the quark propagators,
4on the mass of b-quark, and on the Borel variable M2
and continuum threshold s0, which are auxiliary param-
eters of numerical computations. The vacuum conden-
sates are parameters that do not depend on a problem
under consideration: their numerical values extracted
once from some processes are applicable in all sum rule
computations. For quark and mixed condensates in the
present work we employ 〈q¯q〉 = −(0.24 ± 0.01)3 GeV3,
〈qgsσGq〉 = m20〈q¯q〉, where m20 = (0.8 ± 0.1) GeV2,
whereas for the gluon condensates we utilize 〈αsG2/π〉 =
(0.012± 0.004) GeV4, 〈g3sG3〉 = (0.57± 0.29) GeV6. The
mass of the b−quark can be found in Ref. [46]: it is equal
to mb = 4.18
+0.04
−0.03 GeV.
The choice of the Borel parameter M2 and continuum
threshold s0 should obey some restrictions of sum rule
calculations. Thus, limits within of which M2 can be
varied (working window) are determined from conver-
gence of the operator product expansion and dominance
of the pole contribution. In the working window of the
threshold parameter s0 dependence of evaluating quanti-
ties on M2 should be minimal. In real calculations, how-
ever quantities of interest depend on the parameters M2
and s0, which affects an accuracy of extracted numerical
values. Theoretical errors in sum rule calculations may
amount to 30% of obtained predictions, and considerable
part of these ambiguities are connected namely with a
choice of M2 and s0.
Analysis performed in accordance with these require-
ments allows us to fix the working windows for M2 and
s0:
M2 = 9− 12 GeV2, s0 = 123− 127 GeV2. (15)
In Figs. 1 and 2 we demonstrate results of numerical com-
putations of the mass mZb and current coupling fZb as
functions of the parameters M2 and s0. As is seen, mZb
and fZb are rather stable within working windows of the
auxiliary parameters, but there are still a dependence on
them in plotted figures. Our results for mZb and fZb
read:
mZb = 10581
+142
−164 MeV, fZb = (2.79
+0.55
−0.65) · 10−2 GeV4.
(16)
Within theoretical errors mZb is in agreement with ex-
perimental measurements of the Belle Collaboration (1).
The mass and current coupling Zb given by Eq. (16) will
be used as input parameters in the next sections to find
width of decays Zb → Υ(nS)π and Zb → hb(mP )π.
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FIG. 1: The mass of the Zb state vs Borel parameter M
2 at fixed s0 (left panel), and continuum threshold s0 at fixed M
2
(right panel).
III. DECAY CHANNELS Zb → Υ(nS)pi, n = 1, 2, 3.
This section is devoted to the calculation of the width
of Zb → Υ(nS)π, n = 1, 2, 3 decays. To this end we de-
termine the strong couplings gZbΥnπ, n = 1, 2, 3 (in for-
mulas we utilize Υn ≡ Υ(nS) ) using QCD sum rules on
the light-cone in conjunction with ideas of a soft-meson
approximation.
We start from analysis of the vertices ZbΥnπ aiming to
calculate gZbΥnπ, and therefore consider the correlation
function
Πµν(p, q) = i
∫
d4xeipx〈π(q)|T {JΥµ (x)JZb†ν (0)}|0〉,
(17)
where
JΥµ (x) = bi(x)γµbi(x), (18)
is the interpolating current for mesons Υ(nS). Here p,
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FIG. 2: The dependence of the current coupling fZb of the Zb resonance on the Borel parameter at chosen values of s0 (left
panel), and on the s0 at fixed M
2 (right panel).
q and p′ = p + q are the momenta of Υ(nS), π and Zb,
respectively.
To derive sum rules for the couplings gZbΥnπ, we calcu-
late Πµν(p, q) in terms of the physical degrees of freedom.
It is not difficult to obtain
ΠPhysµν (p, q) =
3∑
n=1
〈0|JΥµ |Υn (p)〉
p2 −m2Υ(nS)
〈Υn (p)π(q)|Zb(p′)〉
×〈Zb(p
′)|JZb†ν |0〉
p′2 −m2Zb
+ . . . , (19)
where the dots denote contribution of the higher reso-
nances and continuum states.
We introduce the matrix elements
〈0|JΥµ |Υn (p)〉 = fΥnmΥnεµ,
〈Zb(p′)|JZb†ν |0〉 = fZbmZbε′∗ν ,
〈Υn (p)π(q)|Zb(p′)〉 = gZbΥnπ [(p · p′)
×(ε∗ · ε′)− (p · ε′)(p′ · ε∗)] , (20)
where fΥn , mΥn , εµ are the decay constant, mass and
polarization vector of the Υ(nS) meson, and ε′ν is the
polarization vector of the Zb state.
Having used Eq. (20) we rewrite the correlation func-
tion in the form
ΠPhysµν (p, q) =
3∑
n=1
gZbΥnπfΥnfZbmZbmΥn(
p′2 −m2Zb
) (
p2 −m2Υn
)
×
(
m2Zb +m
2
Υn
2
gµν − p′µpν
)
+ . . . . (21)
For calculation of the strong couplings we choose to work
with the structure ∼ gµν . To this end, we have to iso-
late the invariant function ΠPhys(p2, p′2) corresponding
to this structure and find its double Borel transforma-
tion. But, it is known that in the case of vertices involv-
ing a tetraquark and two conventional mesons one has to
set q = 0 [39]. This is connected with the fact that inter-
polating current for the tetraquark is composed of four
quarks fields and after contracting two of them in the
correlation function Πµν(p, q) with relevant quark fields
from the heavy meson’s current we encounter a situation
when remaining quarks are located at the same space-
time point. These quarks fields, sandwiched between a
light meson and vacuum instead of generating light me-
son’s distribution amplitudes create its local matrix el-
ements. Then, in accordance with the four-momentum
conservation at such vertices we have to set q = 0. In
QCD light-cone sum rules the limit q → 0 when a light-
cone expansion reduces to a short-distant expansion over
local matrix elements is known as a ”soft-meson approx-
imation”. The mathematical methods to handle soft-
meson limit were elaborated in Refs. [40, 41], and were
successfully applied to tetraquark vertices in our works
[42–45]. In soft limit p′ = p and relevant invariant am-
plitudes in the correlation function depend only on one
variable p2. In the present work we use this approach
which implies calculation of the correlation function with
the equal initial and final momenta p′ = p, and dealing
with the obtained double pole terms.
In fact, in the limit p = p′ we replace in Eq. (21)
1(
p′2 −m2Zb
) (
p2 −m2Υn
)
by double pole factors
1
(p2 −m2n)2
,
where m2n = (m
2
Zb
+ m2Υn)/2, and carry out the Borel
transformation over p2. Then for the Borel transforma-
6tion of ΠPhys(p2) we get
BΠPhys(p2) =
3∑
n=1
gZbΥnπfΥnfZbmZbmΥn
×m2n
e−m
2
n
/M2
M2
+ . . . . (22)
Now one has to derive the correlation function in terms
of the quark-gluon degrees of freedom and find the QCD
side of the sum rules. Contracting of heavy quark fields
in Eq. (17) yields
ΠQCDµν (p, q) =
∫
d4xeipx
ǫǫ˜√
2
[
γ5S˜
ib
b (x)γµ
×S˜eib (−x)γν + γν S˜ibb (x)γµS˜eib (−x)γ5
]
αβ
×〈π(q)|uaα(0)ddβ(0)|0〉, (23)
where α and β are the spinor indices. We continue and
use the expansion
uaαd
d
β →
1
4
Γjβα
(
uaΓjdd
)
, (24)
where Γj is the full set of Dirac matrixes
Γj = 1, γ5, γλ, iγ5γλ, σλρ/
√
2.
Replacing uaαd
d
β in Eq. (23) by this expansion and per-
forming summations over color indices it is not difficult to
determine local matrix elements of pion which contribute
to ΠQCDµν (p, q) (see, Ref. [39] for details). It turns out that
in soft limit the pion’s local matrix element which con-
tributes to ImΠQCDµν (p, q = 0) is
〈0|d(0)iγ5u(0)|π(q)〉 = fπµπ, (25)
where
µπ =
m2π
mu +md
.
After fixing in ImΠQCDµν (p, q = 0) the structure ∼ gµν
it is straightforward to extract ρQCDΥ (s) as a sum of the
perturbative and nonperturbative components:
ρQCDΥ (s) =
fπµπ
12
√
2
[
ρpert.(s) + ρn.−pert.(s)
]
(26)
The ρQCDΥ (s) can be obtained after replacementmc → mb
from the spectral density of Zc → J/ψπ decay calculated
in Refs. [39, 45]. Its perturbative component ρpert.(s) has
a simple form and reads
ρpert.(s) =
(s+ 2m2b)
√
s(s− 4m2b)
π2s
. (27)
The nonperturbative contribution ρn.−pert.(s) depends
on the vacuum expectation values of the gluon opera-
tors and contains terms of four, six and eight dimensions.
Its explicit expression was presented in Appendix of Ref.
[45].
The continuum subtraction in the case under consider-
ation can be done using the quark-hadron duality, which
lead the desired sum rule for strong couplings. We get:
3∑
n=1
gZbΥnπfΥnfZbmZbmΥnm
2
n
e−m
2
n
/M2
M2
=
∫ s0
4m2
b
dse−s/M
2
ρQCDΥ (s). (28)
Here some comments are in order on obtained expression
(28). It is known, that the soft limit considerably simpli-
fies the QCD side of light-cone sum rule expressions [40].
At the same time, in the limit q → 0 the phenomeno-
logical side of the sum rules gains contributions which
are not suppressed relative to a main term. In our case
the main term corresponds to vertex ZbΥ(1S)π, where
the tetraquark and mesons are ground-state particles.
Additional contributions emerge due to vertices ZbΥπ
where some of particles (or all of them) are on their ex-
cited states. In Eq. (28) terms corresponding to vertices
ZbΥ(2S)π and ZbΥ(3S)π belong to this class of contribu-
tions. When we are interested in extraction of parameters
of a vertex built of only ground-state particles these addi-
tional contributions are undesired contaminations which
may affect accuracy of calculations. A technique to elim-
inate them from sum rules is also well known [40, 41]. To
this end, in accordance with elaborated recipies one has
to act by the operator
P(M2,m2n) =
(
1−M2 d
dM2
)
M2em
2
n
/M2 , (29)
to Eq. (28). In the present work we are going to evalu-
ate three strong couplings gZbΥnπ and, therefore use the
original form of the sum rule given by Eq. (28). But it
provides only one equality for three unknown quantities.
In order to get two additional equations we act by op-
erators d/d(−1/M2) and d2/d(−1/M2)2 to both sides of
Eq. (28) and solve obtained equations to find gZbΥnπ .
The width of the decays Zb → Υ(nS)π, n = 1, 2, 3 can
be calculated applying the standard methods and has the
same form as in the case of the decay Zc → J/ψπ. After
evident replacements in corresponding formula we get:
Γ (Zb → Υnπ) =
g2ZbΥnπm
2
Υn
24π
λ (mZb , mΥn ,mπ)
×
[
3 +
2λ2 (mZb , mΥn ,mπ)
m2Υn
]
, (30)
where
λ(a, b, c) =
√
a4 + b4 + c4 − 2 (a2b2 + a2c2 + b2c2)
2a
.
The key component in Eq. (30) is the strong coupling
gZbΥnπ. Relevant sum rules contain spectroscopic pa-
rameters of the tetraquark Zb, and mesons Υ(nS) and π.
7Parameters Values (in (MeV)
mΥ1 9460.30 ± 0.26
fΥ1 708± 8
mΥ2 10023.26 ± 0.31
fΥ2 482± 10
mΥ3 10355.2 ± 0.5
fΥ3 346± 50
mpi 139.57061 ± 0.00024
fpi 131.5
TABLE I: Spectroscopic parameters of the mesons ΥnS and
pi.
The mass and current coupling of the Zb resonance have
been calculated in the previous section. For numerical
computations we take masses mΥn and decay constants
fΥn of the mesons Υ(nS) from Ref. [46]. The relevant
information is shown in Table I.
In calculations the Borel parameterM2 and continuum
threshold s0 are varied within regions
M2 = 10− 13 GeV2, s0 = 124− 128 GeV2, (31)
which are almost identical to similar working windows in
the mass and current coupling calculations being slightly
shifted towards larger values.
For the couplings gZbΥnπ we obtain (in GeV
−1):
gZbΥ1π = 0.019± 0.005, gZbΥ2π = 0.090± 0.031,
gZbΥ3π = 0.104± 0.031. (32)
For the width of the decays Zb → Υ(nS)π these couplings
lead to predictions
Γ(Zb → Υ(1S)π) = 1.36± 0.43 MeV,
Γ(Zb → Υ(2S)π) = 17.18± 5.01 MeV,
Γ(Zb → Υ(3S)π) = 8.27± 2.69 MeV. (33)
Obtained predictions for width of the decays Γ(Zb →
Υ(nS)π) are final results of this section and will be used
for comparison with the experimental data.
IV. Zb → hb(1P )pi AND Zb → hb(2P )pi DECAYS
The second class of decays which we consider contains
two processes Zb → hb(mP )π, m = 1, 2. We follow the
same prescriptions as in the case of Zb → Υ(nP )π de-
cays and derive sum rules for the strong couplings gZbhbπ
and gZbh′bπ (hereafter we employ short-hand notations
hb ≡ hb(1P ) and h′b ≡ hb(2P )). From analysis performed
in the previous section it is clear that corresponding sum
rules will depend on numerous input parameters includ-
ing mass and decay constant of the mesons hb(1P ) and
hb(2P ). Information on the spectroscopic parameters of
hb(1P ) is available in the literature. Indeed, in the con-
text of QCD sum rule method mass and decay constant
of h(1P ) were calculated in Ref. [47]. But decay constant
fh′
b
of the meson hb(2P ) was not evaluated, therefore in
the present work we have first to find the parametersmh′
b
and fh′
b
, and turn after that to our main task.
A. Spectroscopic parameters of the mesons hb(1P )
and hb(2P )
The meson h(1P ) is the spin-singlet P -wave bottomo-
nium with quantum numbers JPC = 1+−, whereas h(2P )
is its first radial excitation. Parameters of the hb(1P )
and hb(2P ) mesons in the framework of QCD two-point
sum rule method can be extracted from the correlation
function
Πµναβ(p) = i
∫
d4xeipx〈0|T
{
Jhµν(x)J
h†
αβ(0)
}
|0〉, (34)
where the interpolating current for hb(mP ) mesons is
chosen as
Jhµν(x) = b
i
(x)σµνγ5b
i(x). (35)
It couples both to hb(1P ) and hb(2P ), and is convenient
for analysis of JPC = 1+− mesons (see, Ref. [47]).
In order to find required sum rules we use ”ground-
state+first radial excitation+continuum” scheme. Then,
the physical side of the sum rule
ΠPhysµναβ(p) =
〈0|Jhµν |hb(p)〉〈hb(p)|Jh†αβ(0)|0〉
m2hb − p2
+
〈0|Jhµν |h′b(p)〉〈h′b(p)|Jh†αβ(0)|0〉
m2h′
b
− p2 + . . . , (36)
contains two terms of interest and also contribution of
higher resonances and continuum states denoted by dots.
We continue by introducing the matrix elements
〈0|Jhµν |h(′)b (p)〉 = fh(′)
b
(ε(′)µ pν − ε(′)ν pµ), (37)
and recast the correlation function ΠPhysµναβ(p) into the
form
ΠPhysµναβ(p) =
f2hb
m2hb − p2
[g˜µαpνpβ − g˜µβpνpα
−g˜ναpµpβ + g˜νβpµpα] +
f2h′
b
m2h′
b
− p2
[
g˜′µαpνpβ
−g˜′µβpνpα − g˜′ναpµpβ + g˜′νβpµpα
]
, (38)
where
g˜(′)µα = −gµα +
pµpα
m2
h
(′)
b
.
The Borel transformation of ΠPhysµναβ(p) can be obtained
by simple replacements in Eq. (38)
B
f2
h
(′)
b
m2
h
(′)
b
− p2 = f
2
h
(′)
b
e
−m2
h
(′)
b
/M2
.
8The obtained by this way expression contains numerous
Lorentz structures which, in general, may be employed
to derive sum rules for masses and decay constants: We
choose a structure ∼ g˜µαpνpβ to extract sum rules. The
term with the same structure should be isolated in the
Borel transformation of ΠQCDµναβ(p), i. e. in expression
of the correlation function calculated using quark-gluon
degrees of freedom.
After simple computations for ΠQCDµναβ(p) we get
ΠQCDµναβ(p) = i
∫
d4xeipxTr
[
γ5σαβS
ji
b (−x)
×σµνγ5Sijb (x)
]
. (39)
The following operations are standard manipulations;
they imply Borel transforming of ΠQCDµναβ(p), equating the
structures∼ g˜µαpνpβ in both the physical and QCD sides
of obtained equality, and subtracting the continuum con-
tribution. We obtain the second sum rule by acting on
first one by d/d(−1/M2). These two sum rules allow us
to evaluate masses and decay constants of the hb(1P ) and
hb(2P ) mesons. At the first stage we employ ”ground-
state +continuum” scheme, which is commonly used in
sum rule computations. This means that we include the
excited hb(2P ) meson into the ”higher resonances and
continuum” part of sum rules and fix working windows
for M2 and s0. From these sum rules we extract spectro-
scopic parameters of the hb(1P ) meson mhb and fhb . At
the next step we employ the same sum rules with s∗0 > s0
to embrace contribution arising from hb(2P ), and treat
mhb and fhb evaluated at the first stage as fixed param-
eters.
Numerical analysis restricts variation of the parame-
ters M2 and s0 within the regions
M2 = 10− 12 GeV2, s0 = 103− 105 GeV2,
and we find
mhb = 9886
+81
−78 MeV, fhb = 325
+61
−57 MeV. (40)
At the next step we use
s∗0 = 109− 111 GeV2,
and get
mh′
b
= 10331+108−117 MeV, fh′b = 286
+58
−53 MeV. (41)
Parameters of the hb(2P ) meson are among essentially
new results of the present work, therefore in Figs. 3 and
4 we demonstrate mhb(2P ) and fhb(2P ) as functions of the
Borel parameter M2 and continuum threshold s0.
Comparing our results with experimental information
on masses of the hb(mP ) mesons [46]
mhb = 9899.3± 0.8 MeV,
mh′
b
= 10259.8± 1.2 MeV,
we see a reasonable agreement between them.
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FIG. 3: The mass of the meson hb(2P ) as a function of the Borel parameter M
2 at fixed s0 (left panel), and as a function of
the continuum threshold s0 at fixed M
2 (right panel).
B. Width of decays Zb → hb(1P )pi and Zb → hb(2P )pi
Analysis of the vertices Zbhb(mP )π does not differ
from analogous investigation carried out in the previous
section. We start here from the correlator
Πµνλ(p, q) = i
∫
d4xeipx〈π(q)|T {Jhµν(x)JZb†λ (0)}|0〉,
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FIG. 4: The dependence of the decay constant fhb(2P ) on the Borel parameter at chosen values of s0 (left panel), and on the
s0 at fixed M
2 (right panel).
and for its phenomenological representation get
ΠPhysµνλ (p, q) =
〈0|Jhµν |hb (p)〉
p2 −m2hb
〈hb (p)π(q)|Zb(p′)〉
×〈Zb(p
′)|JZb†λ |0〉
p′2 −m2Zb
+
〈0|Jhµν |h′b (p)〉
p2 −m2h′
b
(42)
×〈h′b (p)π(q)|Zb(p′)〉
〈Zb(p′)|JZb†λ |0〉
p′2 −m2Zb
. . . . (43)
The ΠPhysµνλ (p, q) contains two terms of initerest and con-
tributions coming from higher resonances and continuum
shown above as dots. Using matrix elements of the cur-
rents Jhµν and J
Zb
λ and introducing the vertex
〈h(′)b (p)π(q)|Zb(p′)〉 = gZbh(′)b πǫαβγδε
∗
α(p)ε
′
β(p
′)pγp
′
δ,
(44)
we find
ΠPhysµνλ (p, q) =
fZbmZb(
p′2 −m2Zb
)
 gZbhbπfhb(
p2 −m2hb
) + gZbh′bπfh′b(
p2 −m2h′
b
)

× (ǫµλγδpγp′δpν − ǫνλγδpγp′δpµ) + . . . (45)
The same correlation function expressed in terms of
quark propagators takes the following form
ΠQCDµνλ (p, q) =
∫
d4xeipx
ǫǫ˜√
2
[
γ5S˜
ib
b (x)γ5σµν
×S˜eib (−x)γλ + γλS˜ibb (x)γ5σµν S˜eib (−x)γ5
]
αβ
×〈π(q)|uaα(0)ddβ(0)|0〉. (46)
Expanding uaαd
d
β in accordance with Eq. (24) and substi-
tuting into Eq. (46) local matrix elements of the pion we
obtain ΠQCDµνλ (p, q) which can be matched to Π
Phys
µνλ (p, q)
to fix same tensor structures. In order to derive sum
rule we use structures ∼ ǫµλγδpγp′δpν from both sides of
equality. The pion matrix element that contributes to
this structure is
0|d(0)γ5γµu(0)|π(q)〉 = ifπqµ.
In fact, it can be included into the chosen structure after
replacement qµ = p
′
µ − pµ .
In obtained equality we apply the soft limit q → 0
(p = p′) and perform the Borel transformation on vari-
able p2. This operations leads to a sum rule for two
strong couplings gZbhbπ and gZbh′bπ. The second expres-
sion is obtained from the first one by applying the oper-
ator d/d(−1/M2) .
The principal output of these calculations, i.e. the
spectral density ρQCDh (s) reads
ρQCDh (s) =
fπ
12
√
2
[
ρpert.(s) + ρn.−pert.(s)
]
, (47)
where its perturbative part is given by the formula
ρpert.(s) =
(s+ 2m2b)
√
s(s− 4m2b)
π2s2
. (48)
The nonperturbative component of ρQCDh (s) includes
contributions up to eight dimensions and has the form
ρn.−pert.(s) =
〈αsG2
π
〉
m2b
∫ 1
0
f1(z, s)dz
+
〈
g3sG
3
〉∫ 1
0
f2(z, s)dz
−
〈αsG2
π
〉2
m4b
∫ 1
0
f3(z, s)dz. (49)
Here the functions fk(z, s) are:
f1(z, s) =
1
3
(1 + 3r)
r2
δ(2)(s− Φ),
10
f2(z, s) =
1
15 · 26
1
r4
{
4r2(3 + 17r + 21r2)δ(2)(s− Φ)
+2r
[
sr2(4 + 13r) + 3m2b(3 + 16r + 18r
2)
]
δ(3)(s− Φ)
+
[
s2r4 + 6m2bsr
2(1 + 3r)− 7m4b(1 + 5r + 5r2)
]
×δ(4)(s− Φ)
}
,
f3(z, s) =
1
54
π2
r2
δ(5)(s− Φ),
where
r = z(z − 1), Φ = m
2
b
z(1− z) .
In the expressions above the Dirac delta function δ(n)(s−
Φ) is defined in accordance with
δ(n)(s− Φ) = d
n
dsn
δ(s− Φ). (50)
The width of the decays Zb → hb(1P )π and Zb →
hb(2P )π are calculated using the formula
Γ(Zb → hb(mP )π) = g2Zbhb(mP )π
λ
(
mZb , mh(mP ),mπ
)3
12π
.
In numerical computations we employ parameters of the
hb(mP ) mesons obtained in the previous subsection.
The working regions of the Borel parameter M2 and
continuum threshold s0 are the same as in analysis of
Zb → Υ(nS)π decays. Below we provide our results for
the strong couplings (in units GeV−1)
gZbhbπ = 0.94± 0.27, gZbh′bπ = 3.43± 0.93. (51)
In Fig. 5 we plot the coupling gZbh′bπ as a function of
the Borel parameter and continuum threshold to show
its dependence on these auxiliary parameters. It is easy
to see that theoretical errors are within limits accepted
in sum rule calculations.
Using Eq. (51) it is not difficult we evaluate width of
the decays:
Γ(Zb → hb(1P )π) = 6.30± 1.76 MeV,
Γ(Zb → hb(2P )π) = 7.35± 2.13 MeV. (52)
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FIG. 5: The coupling gZbh′bpi vs Borel parameter M
2 (left panel), and continuum threshold s0 (right panel).
V. ANALYSIS AND CONCLUDING NOTES
The experimental data on decay channels of the
Zb(10610) resonance were studied and presented in a
rather detailed form in Refs. [9–11]. Its full width was
estimated as Γ = 18.4 ± 2.4 MeV essential part of
which, i.e. approximately 86% of Γ is due to decay
Zb → B+B∗0 + B∗+B0. The remaining part of the full
width is formed by five decay channels investigated in
the present work. It is clear that our results for width
of decays Zb → Υ(nS)π and Zb → hb(nP )π overshoot
the experimental data. Therefore, in the light of present
studies we refain from interpretation of the Zb(10610)
resonance as a pure diquark-antidiquark [bu][bd] state.
Nevertheless, encouraging are theoretical predictions
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for the ratios
R(n)=Γ(Zb → Υ(nS)π)
Γ(Zb → Υ(1S)π) ,R(m)=
Γ(Zb → hb(mS)π)
Γ(Zb → Υ(1S)π) ,
(53)
where we normalize widths of different decay channels to
Γ(Zb → Υ(1S)π). The ratio R can be extracted from
available experimental data and calculated from decay
widths obtained in the present work. In order to fix ex-
isting similarities and differences between theoretical and
experimental information on R we provide two sets of
corresponding values in Table II. It is worth to note that
we use latest available experimental information from
Ref. [46].
It is seen that theoretical predictions follow pattern
of experimental data: we observe the same hierarchy of
theoretical and experimental decay widths. At the time,
numerical differences between them are noticeable. Nev-
ertheless, in a result of large errors in both sets, there are
sizeable overlap regions for each pair ofRs, which demon-
strate not only qualitative agreement between them but
also quantitative compatibility of two sets.
These observations may help one to understand the
nature of the Zb resonance. The Belle Collaboration
discovered two Zb and Z
′
b resonances with very close
masses. We have calculated parameters of an axial-vector
diquark-antidiquark state [bu][bd], and interpreted it as
Zb. It is possible to model the second Z
′
b resonance using
alternative interpolating current, as it has been empha-
sized in Sec. II and explore its properties. The current
with the same quantum numbers but different color or-
ganization may also play a role of such alternative (see,
for example, Ref. [44]). One of possible scenarios im-
plies that observed resonances are admixtures of these
tetraquarks, which may fit measured decay widths.
The diquark-antidiquark interpolating current used in
the present work can be rewritten as a sum of molecular-
type terms. In other words, some of molecular-type cur-
rents effectively contribute to our predictions, and by en-
hancing these components (i.e. by adding them to in-
terpolating current with some coefficients) better agree-
ment with experimental data may be achieved. In other
words, the resonances Zb and Z
′
b may ”contain” both the
diquark-antidiquark and molecular components.
Finally, Zb and Z
′
b states may have pure molecular
structures. But pure molecular-type bound states of
mesons are usually broader than diquark-antidiquarks
with the same quantum numbers and quark contents.
In any case, all these suggestions require additional and
detailed investigations.
In the present study we have fulfilled only a part of
this program. In the framework of QCD sum rule meth-
ods we have calculated the spectroscopic parameters of
Zb state by modeling it as diquark-antidiquark state, and
found widths five of its observed decay channels. We have
also evaluated mass and decay constant of hb(2P ) meson,
which are necessary for analysis of Zb → hb(2P )π decay.
Calculation of the Zb resonance’s dominant decay chan-
nel may be performed, for example, using QCD three-
R n = 2 n = 3 m = 1 m = 2
Exp. [46] 6.67+3.11
−2.37 3.89
+2.02
−1.55 6.48
+3.18
−2.45 8.70
+4.39
−3.41
This work 12.63 ± 5.43 6.08 ± 2.76 4.63 ± 1.95 5.40 ± 2.32
TABLE II: Experimental values and theoretical predictions
for R.
point sum rule approach, which is beyond the scope of
the present work. Decays considered here involve excited
mesons Υ(nS) and h(mP ), parameters of which require
detailed analysis in a future. More precise measurements
of Zb and Z
′
b partial decays’ width can also help in mak-
ing a choice between outlined scenarios.
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